Equivalent-circuit model for vacuum ultraviolet irradiation of dielectric films J. Vac. Sci. Technol. A 30, 031505 (2012) Fabrication of high-aspect-ratio lightpipes J. Vac. Sci. Technol. B 29, 031206 (2011) Gate oxide reliability at the nanoscale evaluated by combining conductive atomic force microscopy and constant voltage stress J. Vac. Sci. Technol. Hafnium-oxide films deposited on a thermally grown SiON film and a hydrogen-terminated Si bare substrate by an atomic-layer-deposition technique have been investigated. Capacitance-voltage measurements show equivalent-oxide thicknesses of about 1.79 nm for a 4.2 nm HfO 2 /SiON stack capacitor and of about 1.84 nm for a 5.2 nm HfO 2 single-layer capacitor. These measurements also show a dielectric constant of 18.1 for the HfO 2 in the stack capacitor and of 11.2 for the HfO 2 single-layer capacitor. The hysteresis of the stack capacitors is measured to be less than 40 mV, whereas that of the single-layer capacitor is 206 mV. Transmission-electron microscopy ͑TEM͒ and x-ray photoelectron spectroscopy indicated that the dielectric films are amorphous structure, rather than crystalline or phase-separated silicide and oxide structures. TEM showed that the interface of the stack capacitor can be stable to at least 850°C.
I. INTRODUCTION
The continuing push to decrease the size of microelectronic devices to achieve higher speed, density, and computational ability at lower power consumption and cost is hampered by some of the physical properties of the materials now used. Silicon dioxide is currently used as a gate oxide in metal-oxide-semiconductor field-effect transistors because of its excellent insulator properties, low defect density, and its thermal stability. The operation of this device requires that the thickness of the oxide be scaled along with the length of the gate between the source and drain. As the gate length approaches 0.1 m, the required SiO 2 thickness will drop to 1.5-2.0 nm, and the leakage current through the dielectric will rise to an unacceptable level.
One alternative is to replace SiO 2 with a material having a higher dielectric constant that will allow the use of thicker, less leaky films. Toward this end, compounds such as TiO 2 , Ta 2 O 5 , HfO 2 , ZrO 2 , Y 2 O 3 , Al 2 O 3 , and La 2 O 3 , as well as their silicates and aluminates, have been investigated. [1] [2] [3] [4] [5] [6] [7] [8] Among these, HfO 2 is an excellent candidate due to its high dielectric constant, good thermal stability, and wide band gap and band offsets. Moreover, because of its high density ͑9.68 g/cm 3 ͒, HfO 2 is very resistant to impurity diffusion and intermixing at the interface. Unlike SiO 2 that is grown thermally on silicon, the compounds should be deposited on silicon, which compels film-deposition methods to provide high-precision thickness control. Among the various possible methods, atomic-layer deposition ͑ALD͒ is one of the most promising, having the advantages for grown films of highprecision thickness control and uniform thickness. In this technique, the thickness of the films is controlled by layer by layer.
In this work, we report the characteristics of metaloxide-semiconductor ͑MOS͒ capacitors with a very thin ALD HfO 2 layer deposited on a thermally grown SiON film, which resulted in HfO 2 /SiON/Si stack capacitors. For comparison, the HfO 2 single-layer capacitor in which the hafnium-oxide film was directly deposited on silicon substrate was also prepared and characterized.
II. EXPERIMENT
MOS capacitors were fabricated on 8 in. ͑100͒ p-type silicon wafers with a 1ϫ10 15 cm Ϫ3 doping concentration. A 1.5 nm thick SiON layer was thermally grown on a standard RCA cleaned silicon wafer at 825°C for 12 s under N 2 O ambient. The HfO 2 films with thicknesses of 2.7 and 3.9 nm were deposited on the SiON/Si substrate in a traveling-wavetype ALD reactor ͑Evertek plus 200™͒. The Hf source and the oxidant were HfCl 4 solid precursors and H 2 O, respectively, and the deposition temperature is 300°C. Solid-phase HfCl 4 was volatilized in a canister kept at 200°C and carried into the reaction chamber with pure N 2 carrier gas. The canister containing H 2 O was kept at 12°C and fed into the system without carrier gas. One cycle of the ALD process consists of four segments, which are HfCl 4 injection-N 2 purge-H 2 O injection-N 2 purge. The injection time for each source and the purge time for pure N 2 gas between source (HfCl 4 and H 2 O) injections were optimized by preliminary experimentation in order to acquire high quality HfO 2 film. The injection times were 2 s and 0.3 s for HfCl 4 and H 2 O, respectively, and the purge time for N 2 gas was 2 s. The deposition rate ͑thickness per one cycle͒ was about 0.05 nm/ cycle, and the number of duty cycle for each sample was determined from the deposition rate.
For comparison, the 6.6 nm HfO 2 /0.9 nm SiON stack capacitor and the 5.2 nm thick HfO 2 single-layer capacitor were prepared. When preparing the HfO 2 single-layer capacitor, in order to minimize the formation of the interfacial layer between the HfO 2 and Si substrate, the oxide was directly deposited on the silicon substrate which was cleaned by standard RCA cleaning process and etched in a buffered ͑10%͒ hydrogen fluoride ͑HF͒ solution for 10 s, which rea͒ Electronic mail: duck@hanyang.ac.kr sulted in a hydrogen-terminated surface. Although postdeposition annealing was not carried out, in order to investigate the thermal stability of the capacitors, annealing at 850°C took place for 30 s using RTA under N 2 ambient.
X-ray photoelectron spectroscopy ͑XPS͒, x-ray diffraction ͑XRD͒, and high-resolution transmission-electron microscopy ͑HRETM͒ were used to investigate physical properties such as the film thickness and interfacial layer/ microstructure. For measuring XPS spectra, monochromatic Al K␣ was irradiated at the incident angle of 45°and the emitted photoelectrons were detected in the surface-normal direction.
Capacitors were formed using platinum deposited by ex situ electron-beam evaporation at a rate of 0.01 nm/s. The active area of the MOS ͓Pt/HfO 2 /(SiON͒/Si͔ capacitor with 1.77ϫ10 Ϫ4 cm 2 was formed using a shadow mask. The capacitance-voltage (C -V) measurements were performed in parallel mode on a C -V analyzer ͑Keithly 82-WIN͒ at a frequency of 1 MHz and the current-voltage (I -V) characteristic was measured by a semiconductor-parameter analyzer ͑HP4155A͒. Figure 1 shows HRTEM cross-section images of the samples. The substrate lattice is well resolved and provides an internal reference length ͓the Si͑111͒ lattice spacing of 0.313 nm͔ for measuring the oxide thickness. Figures 1͑a͒  and 1͑b͒ show the stack capacitor with a 1.5 nm thick SiON layer. The SiON layer thicknesses of the two samples are identical, which means that the SiON layers were grown with good reproducibility. Figure 1͑c͒ shows a stack capacitor with a thinner SiON layer. This sample was prepared to compare with the sample with 1.5 nm thick SiON layer. Figure 1͑d͒ shows the single-layer capacitor. The interfacial layer is very thin and 0.4 nm in thickness at most. Generally, it is reported that the interfacial layer of about 2 nm in thickness is formed when a high-k material is deposited directly on the silicon substrate. 9, 10 In this work, the formation of the interfacial layer of less than 0.4 nm thickness implies that the interfacial layer was well controlled and the hydrogenterminated surface is effective in minimizing the formation of the interfacial layer. The HfO 2 films of the stack capacitors are completely amorphous. For the films of the singlelayer capacitor, HRTEM indicates the presence of a few nanometer-sized crystallites, though these could not be observed in the region shown in Fig. 1͑d͒ . Nevertheless, the film appears to be predominantly amorphous. This is because the lattice constant of HfO 2 is similar to that of Si (HfO 2 : 0.511 nm and Si: 0.543 nm͒, and it may give more chance for HfO 2 to be deposited at the crystalline phase. In constrast, the HfO 2 in the stack capacitor is amorphous because the matrix ͑SiON͒ that the HfO 2 was grown on is amorphous. The prepared samples are denoted by symbols, such as Nos. 1, 2, 3, and 4 and summarized in Table I . Figures 2͑a͒ and 2͑b͒ show the monochromatic XPS spectra of Nos. 4 and 2, that is, the HfO 2 single-layer capacitor and the HfO 2 /SiON stack capacitor, respectively. These data were charge corrected by aligning the Si substrate spectral feature to 99.5 eV. 11 In the case of No. 2 ͓Fig. 2͑b͔͒, another peak of the Si 2p at the position of 103.3 eV, which is missing in No. 4 ͓Fig. 2͑a͔͒, is observed. This peak exhibits a feature consistent with the formation of Si-O bonding in the sample. Because the HRTEM image revealed the interfacial layer in No. 4 to be very thin by, the additional Si 2p peak in No. 2 comes from the barrier layer, SiON. However, the Hf 4 f 7/2 peak features of the two samples are identical and 12 In addition, no evidence ͑within a detectable limit͒ of Hf-Si bond formation in the films is observed, as the Hf 4 f doublet for Hf-Si bonding ͑ϳ14.2 eV͒ is widely separated from that due to Hf-O bonding. This lack of Hf-Si bonding shows that Hf and Si atoms are only bonded to O atoms as nearest neighbors.
III. RESULT AND DISCUSSION
The C -V characteristics of thin HfO 2 /SiON stack capacitors and a HfO 2 single-layer capacitor are shown in Fig.  3 . The flatband voltage for an ideal capacitor with a Pt electrode (⌽ B ϭ5.65 eV) 13 and p-Si (1ϫ10 15 cm Ϫ3 ) substrate should be 0.65 V. The measured flatband voltages are 0.068, 0.36, 0.18, and Ϫ0.13 V for Nos. 1, 2, 3, and 4, respectively, indicating positive charges in the films. The flatband-voltage shift ⌬V FB ͑the difference in the flatband voltage from that expected for an ideal capacitor͒ of the stack capacitors was Ϫ300-Ϫ580 mV and that of the single-layer capacitor was Ϫ780 mV. The flatband-voltage shifts for the sputtered ultrathin HfO 2 films measured using Pt electrodes were reported as Ϫ600 and ϳϪ300 mV. 14, 15 Although the stack capacitors show a smaller shift than the single-layer capacitor, the values are still high. However, it is revealed that the forming gas annealing drastically reduces the flatband voltage shift. The detailed electrical properties will be given in the near future.
The ͑electrical͒ equivalent-oxide thicknesses ͑EOTs͒ were determined from the capacitance in accumulation at Ϫ2 V and were corrected for quantum-mechanical effects. The electrical thickness was found to be from 1.79 to 2.16 nm. The dielectric constants of each layer in the stack capacitor were calculated from Eq. ͑1͒ with the physical thickness and EOT data of sample Nos. 1 and 2. is the physical thickness of SiON, C is the capacitance of the material under study, ⑀ 0 is the permittivity of the vacuum, ⑀ r is the dielectric constant of the material, A is the area of the electrode, and t is the thickness of the material. The results are summarized in Table II . The calculated dielectric constant of Nos. 1 and 4, which have similar EOTs, is 9.3 and 11.2, respectively. However, the dielectric constant of the HfO 2 layer and SiON layer in No. 1 ͑the stack capacitor͒ is 18.1 and 4.9, respectively. The dielectric constant of the HfO 2 film in the stack capacitor is higher than that of the HfO 2 single layer. This suggests that the SiON matrix is preferable to the silicon bare substrate for depositing hafnium oxide having a good dielectric property.
The I -V characteristics for the films represented in Fig. 3 are shown in Fig. 4 . The leakage-current densities are very low for the capacitors, ranging from 10 Ϫ9 to 10 Ϫ4 A/cm 2 in the bias at 1 V from its flatband voltage. The leakage-current density of Nos. 1 and 4, which have similar EOTs, at 1 V from flatband voltage is 5.54ϫ10 Ϫ5 and 1.06 ϫ10 Ϫ4 A/cm 2 , respectively. Although the physical thickness of the stack capacitor is thinner than that of the HfO 2 singlelayer capacitor, the leakage-current density of the former is lower than that of the latter, which means that the SiON layer has an prominent effect on reducing the leakage-current density of the hafnium-oxide film.
Figures 5͑a͒ and 5͑b͒ show high-resolution cross-sectional TEM images of No. 1 before and after annealing at 850°C for 30 under N 2 ambient. The thickness of the interfacial layer ͑SiON͒ is nearly unchanged. However, a lattice fringe is visible in the HfO 2 layer, which indicates that the layer is in a crystalline phase and yet turns out to be a monoclinic phase by XRD analysis. The same phenomena can be also seen in the other stack capacitors, Nos. 2 and 3. On the contrary, the interfacial layer of the single-layer capacitor ͑No. 4͒ increases after annealing ͑ϳ2 nm͒ and is thicker than the SiON layer in Nos. 1 and 3 ͑about 1.7 and 1.0 nm after annealing, respectively͒. The interfacial layer increase is associated with the formation of SiO 2 by the presence of the oxygen in the N 2 ambient. These observations indicate that the interface of the HfO 2 /SiON stack capacitor can be stable to at least 850°C.
IV. SUMMARY
In this work, hafnium-oxide films were deposited on both thermally grown SiON films and hydrogen-terminated Si bare substrates by an ALD technique and the physical/ electrical properties of the films were characterized. The binding energy of the Hf 4 f peak for the HfO 2 is 18 eV and there is no Hf-Si bonding in the films within a detectable range, which shows that Hf and Si atoms are only bonded to oxygen atoms as nearest neighbors. The C -V measurement of thin HfO 2 /SiON stack capacitors and the HfO 2 singlelayer capacitor reveals that the dielectric constant of the hafnium-oxide film in stack capacitors is higher than that of the HfO 2 single layer, which implies that the SiON matrix is preferable to the silicon bare substrate for preparing hafnium oxide with good dielectric properties. In addition, although the physical thickness of the stack capacitor is thinner than that of the HfO 2 single-layer capacitor, the leakage-current density of the stack capacitor is lower than that of the singlelayer capacitor. This means that the SiON layer has a prominent effect on reducing the leakage-current density of the hafnium-oxide film. Through annealing at 850°C for 30 s, it turns out that the interface of the HfO 2 /SiON stack capacitor can be to be stable to at least this temperature. However, the interfacial layer of the HfO 2 single-layer capacitor was increased. Fig. 3 
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